Irisin was discovered as a PGC-1a-activated messenger of myocytes that links sedentary lifestyle, obesity, and diabetes. In this study, we investigated the short-term prognostic value of early measurement of irisin concentration in 1530 Han Chinese patients with acute ischemic stroke (AIS) from three stroke centers. The subjects were the first-ever AIS patients who were hospitalized at three stroke centers during the period from January 2015 to December 2016. Clinical information and stroke severity were collected at admission. Neurological evaluations were conducted at the 6-month follow-up. Serum levels of irisin, National Institutes of Health Stroke Scale (NIHSS), and conventional risk factors were evaluated to determine their value to predict functional outcome and mortality within 6 months. Multivariate analyses were performed using logistic regression models. During follow-up, a poor functional outcome was found in 588 patients (38.4%; 95% confidence interval (CI), 36.0-40.9%), and 325 patients died (21.2%; 95% CI, 19.2-23.3%). The stroke patients included in the study were divided into four groups according to irisin quartiles (first is the lowest level). Poor outcome across the irisin quartiles ranged from 54.5% (first quartile) to 21.7% (fourth quartile), and mortality rate ranged from 39.3% (first quartile) to 6.3% (fourth quartile). In a multivariate model using the first quartile (Q1) of irisin vs. Q2-Q4 together with the clinical variables, the marker displayed prognostic information and increased odds ratios of poor outcome by 58% (OR for Q1, 1.58 [95% CI, 1.12-2.43]) and mortality by 185% (OR for Q1, 2.85 [95% CI, 1.79-4.02]). In addition, a model containing known risk factors plus irisin compared with a model containing known risk factors without irisin showed a greater discriminatory ability to predict poor outcome (the area under the curve (AUC) with an increase from 0.73 to 0.75 [95% CI, 0.70-0.81]) and mortality (the AUC increased from 0.80 to 0.83 [95% CI, 0.78-0.87]). Irisin is a novel, independent prognostic marker improving currently used risk stratification of stroke patients. Further studies are needed to confirm this association, which may pave the way to new therapeutic options. Trial registration: ChiCTR-OPC-17013501
Introduction
Irisin is a small polypeptide hormone that is released by cleavage of the extracellular component of fibronectin type III domain-containing protein 5 (FNDC5) [1] . The level of secreted irisin is commonly increased by exercise [2] . It is almost ubiquitously expressed in various tissues including cardiac tissue [3] with low basal levels in the liver, lung, skeletal muscle, and testis [4] .
Previous studies have shown that circulating levels of irisin and/or irisin mRNA expression are negatively linked to anthropometric and biochemical parameters [5, 6] , obesity [6] , insulin resistance [7] or type 2 diabetes [8] , metabolic syndrome [9] , and central nervous system energy metabolism [10] . Due to the crosstalk between metabolic dysfunction and cardio-cerebrovascular diseases, a role for irisin in the cardio-cerebrovascular system is also expected. A previous study reported that the gradual decrease of serum irisin might be a diagnostic marker for myocardial infarction (MI) [11] .
Interestingly, Endres et al. [12] found that physical activity decreases the risk of stroke and suggested a prevention strategy during cerebral ischemia by increasing blood flow and reducing brain injury. However, another study reported that increased irisin levels were associated with the development of major adverse cardiovascular events (MACEs) in patients with established coronary artery disease after percutaneous coronary interventions (PCIs) [13] . It should be noted that the small sample size (n = 103) reduced the reliability of results. According to the studies mentioned above, we hypothesized that serum irisin concentration is associated with functional outcome in stroke patients. In this study, we therefore investigated the short-term prognostic value of early measurement of irisin concentration in 1530 Han Chinese patients with acute ischemic stroke (AIS) from three stroke centers.
Methods

Study Population
The subjects were first-ever AIS patients who were hospitalized at three stroke centers (Beijing, Weifang, and Wuhan) during the period from January 2015 to December 2016. Some information has been reported previously [14] . AIS was defined according to the World Health Organization Multinational Monitoring of Trends and Determinants in Cardiovascular Disease (WHO-MONICA) criteria and was verified by magnetic resonance imaging (MRI) reports performed within 24 h after admission. Patients with basic diseases that affect irisin concentration or metabolism were excluded. The exclusion criteria were as follows: (1) pre-stroke diagnosis of dementia or cognitive impairment, a history of any psychiatric illness, and decreased level of consciousness; (2) malignant tumor, sarcopenia, liver insufficiency and renal insufficiency (creatinine > 1.5 mg/dl), metabolic abnormalities (not included diabetes), severe edema, and autoimmune diseases; and (3) use of psychotropic drugs prior to stroke onset. Written informed consents were obtained from all patients. This study conformed with the principles of the Declaration of Helsinki and was approved by the investigational review board of the Weifang Medical University (Trial registration: ChiCTR-OPC-17013501; retrospectively registered on 23 September 2017).
Clinical Variables and Follow-Up
At baseline, demographic data (age, sex, and body mass index (BMI)) and the following vascular risk factors: hypertension, diabetes mellitus, hypercholesterolemia, smoking, and a family history of ischemic stroke were collected. Pre-stroke therapy (oral anticoagulants or antiplatelet agents) and acute treatment (IV thrombolysis and/or mechanical thrombectomy) were also recorded. Patients were evaluated with the National Institutes of Health Stroke Scale (NIHSS) [14] score upon their admission, performed by a certified stroke neurologist. Stroke subtype was classified according to the TOAST (Trial of Org 10172 in Acute Stroke Treatment) criteria. Brain imaging (MRI) was done routinely within 24 h after admission. MRI with diffusion-weighted imaging (DWI) was available for some patients. The infarct volume was calculated by using the formula 0.5 × a × b × c (where a is the maximal longitudinal diameter, b is the maximal transverse diameter perpendicular to a, and c is the number of 10-mm slices containing infarct) [15] .
The primary end point was functional outcome at 6 months post stroke. Structured follow-up telephone interview was used if the patients are already discharged. The follow-up using a standardized interview protocol was conducted by well-trained interviewers. If the patients had been discharged at the time of follow-up, a structured telephone interview was conducted. Functional outcome was assessed by the modified Rankin Scale (mRS) [16] blinded to serum biomarkers. A good functional outcome was defined as an mRS of 0-2 points, whereas a poor outcome was defined as an mRS of > 2 points [17] . Secondary end points were all-cause mortality within 6 months.
Blood Collection and Laboratory Test
All blood samples were collected on the first day of admission in the fasting state. Blood samples were centrifuged at 1000×g for 12 min, and serum was separated and stored at − 80°C until the time of assay. Biochemical measurements were done using standard laboratory methods. The levels of serum total cholesterol (TC), triglycerides (TGs), high-sensitivity C-reactive protein (Hs-CRP), glucose, homocysteine (HCY), and high-density lipoprotein cholesterol (HDL-C) were measured by enzymatic assays, and fasting glucose levels were measured using the hexokinase method (auto-analyzer model 7600 II; Hitachi, Tokyo, Japan). Insulin resistance (IR) was estimated from fasting serum measurements using the homeostasis model assessment of insulin resistance (HOMA-IR): insulin (μIU/ml) × glucose (mmol/l) / 22.5. Serum irisin concentrations were measured in duplicate using an enzymelinked immunosorbent assay (ELISA) kit (Aviscera Bioscience, Santa Clara, CA, USA) in accordance with the manufacturer's instructions. The lower limit of detection (LOD) was 1.0 ng/ml, and the linear range of the standard was 1-500 ng/ml. The intra-and inter-assay coefficients of variation (CVs) were 3.3-5.0 and 4.3-6.8%, respectively. Serum interleukin-6 (IL-6) was determined by ELISA (Human IL-6 Quantikine ELISA Kit; R&D Systems, Inc., Minneapolis, MN, USA). For all measurements, levels that were less than LOD were considered to have a value equal to the LOD of the assay. Assays were performed in an independent laboratory blinded to clinical and neuroimaging data.
Statistical Analysis
Results are expressed as percentages for the categorical variables and as means (standard deviation, SD) or medians (quartiles) for the continuous variables, depending on the normal or non-normal distribution of data. Proportions were compared using the chi-square test, and Student's t test and analysis of variance (ANOVA) were employed for the normally distributed variables, while the Mann-Whitney U test was employed for the asymmetrically distributed variables. Spearman's rank correlation was used for bivariate correlations.
The relationship between serum concentrations of irisin and two end points (functional outcome and mortality) was evaluated using univariate and multivariate logistic regression analyses. As a continuous variable, we calculated odds ratios (ORs) for outcome per unit increase in irisin levels. We used crude models and multivariate models adjusted for all significant predictors. For multivariate analysis, categorical variables included age, sex, BMI, stroke etiology, the NIHSS score, infarct volume, pre-stroke and acute treatment, vascular risk factors, lesion location, HOMA-IR, blood levels of glucose, Hs-CRP, HCY, IL-6, TG, TC, HDL, LDL, and irisin quartiles. For a more detailed exploration of the irisin and two end points, we also used multivariate analysis models to estimate the adjusted OR and 95% CIs of outcome for irisin quartiles (with the highest irisin quartile as reference). Furthermore, included stroke patients were divided into two groups [low concentration group (first quartile, Q1) and normal concentration groups (second to fourth quartiles, Q2-Q4)] according to irisin quartiles. We also calculated ORs for the outcome between those two groups.
Second, receiver operating characteristic (ROC) curves were used to test the overall predicted accuracy of irisin and other markers to diagnose poor functional outcome and mortality, and results were reported as the area under the curve (AUC). The cutoff points of irisin from ROC analyses could be calculated, but this approach was clinically meaningless. It was unlikely anyone would ever use these cutoff points to predict future outcome in new patients with stroke. Furthermore, irisin was tested by ELISA kits that had great variability among the kits. Therefore, it was difficult to form a unified cutoff in different research populations. Thus, a cutoff level for serum irisin concentration to predict the stroke outcome was not used.
To test whether irisin level improves score performance, we considered the two nested logistic regression models with irisin and the established risk factors as compared with the established risk factors only. Under the lower-dimensional submodel, the difference in the deviation between the two models has an X 2 distribution with 1 degree of freedom. Furthermore, care was taken to adjust for the optimistic bias of in-sample prediction error estimates using a fivefold cross-validation scheme. Letting Y be the indicator of the event of interest and X the covariate vector of a given risk score, high utility corresponds to accurately modeling the regression: E (Y|X = x). Brier's score as the quadratic scoring rule to measure predictive performance was used. The fitted values of the predictive probabilities, Pr (Y = 1|X = x), are contrasted with the actually observed values.
Lastly, integrated discrimination improvement (IDI) and net reclassification improvement (NRI) indices were also calculated to determine the clinical utility of the addition of irisin to established risk factors and the ability of irisin to improve functional outcome and mortality prediction [18] . All statistical analyses were performed with SPSS for Windows, version 21.0 (SPSS Inc., Chicago, IL, USA), the ROCR package (version 1.0-2), and GraphPad Prism 5.0. Statistical significance was defined as P < 0.05.
Results
Patient Characteristics
From 2193 screened patients, ischemic stroke was diagnosed in 1710 patients, and 1530 completed a 6-month follow-up and were included in the analysis (Fig. 1 ). These 1530 patients were similar in terms of baseline characteristics [age (P = 0.283), gender (P = 0.802), BMI (P = 0.376), and NIHSS score (P = 0.181)] compared to the overall screened patients with AIS (n = 2193). The baseline characteristics of the patients are described in Table 1 . In this population, 796 (52.0%) were male, and the median age was 66 years (IQR, 57-77). At admission, the median NIHSS score was 8 (IQR, 4-13), and 233 patients (15.2%) received endovascular/surgical revascularization.
Association of Irisin with Established Risk Factors
As shown in Table 1 , patients with higher irisin levels were younger, with lower BMI, less likely to have diabetes mellitus and coronary heart disease; had lower NIHSS score, small DWI, more likely to have received acute treatment; had lower blood levels of fasting blood glucose (FBG), CRP, HCY, TC, TG, LDL, and IL-6 (Table 1) . Furthermore, Spearman's analysis showed that irisin was further negatively correlated with NIHSS score, age, BMI, FBG, Hs-CRP, LDL, TG, TC, IL-6, HCY, and infarct volume and positively correlated with HDL (P < 0.01, all), as shown in Table 2 .
Irisin and Functional Outcome
A poor functional outcome, defined by the mRS, was found in 588 patients (38.4%; 95% CI, 36.0-40.9%). Irisin level in patients with poor outcome was significantly lower than that in patients with good outcome (79.8 [IQR, 61.9-118.3] ng/ml vs. 94.9 [IQR, 71.2-146.5] ng/ml; Z = 8.359; P < 0.001; Fig. 2a) . The poor outcome rate across irisin quartiles ranged from 54.5% (first quartile) to 21.7% (fourth quartile). The P value for the trend was less than 0.001 (Fig. 3a) . In univariate logistic regression analysis, with an unadjusted OR of 0.985 (95% CI, 0.977-0.991; P < 0.001), low levels of irisin had a strong association with poor functional outcome. After adjusting for all other predictors, irisin was still a predictor of poor outcome with an adjusted OR of 0.990 (95% CI, 0.985-0.994; P < 0.001). In multivariate models comparing Q1, Q2, and Q3 against Q4 of irisin (Table 3) , levels of irisin in Q1 and Q2 were associated with poor outcome, and the odds ratios were increased by approximately 205% (OR = 3.05; 95% CI, 2.11-4.32) and 64% (1.64; 1.14-2.48). The independent association of irisin with poor outcome was confirmed using the likelihood ratio test (P = 0.015). In a multivariate model using Q1 of irisin vs. Q2-Q4 together with the clinical variables, the marker displayed prognostic information and increased the odds ratio by 58% (OR for Q1, 1.58 [95% CI, 1.12-2.43]).
The area under the ROC curve to predict poor outcome for irisin with an AUC of 0.70 (95% CI, 0.65-0.76; Fig. 4a The NRI statistic showed that the addition of irisin to established risk factors significantly increased the correct reclassification of poor outcome (P = 0.003). In addition, the IDI statistic did not find that irisin level significantly increased the discrimination between patients with poor outcome and good outcome (P = 0.088) ( Table 4 ).
Irisin and Mortality Within 6 Months
After 6 months, 325 patients had died; thus, the mortality rate was 21.2% (95% CI, 19.2%-23.3%). Irisin in patients who survived was significantly higher as compared with patients who died (95.9 [IQR, 71.2-143.5] ng/ml vs. 67.4 [IQR, 58.5- Fig. 1 Study profile/flow sheet of the study 87.9] ng/ml; Z = 12.550; P < 0.001; Fig. 2b ). The mortality rate across the irisin quartiles ranged from 39.3% (first quartile) to 6.3% (fourth quartile). The P value for the trend was less than 0.001 (Fig. 3b) . In multivariate models comparing Q1, Q2, and Q3 against Q4 of irisin (Table 3) , levels of irisin in Q1, Q2, and Q3 were associated with mortality, and the odds ratios were increased by 402% (OR = 5.02; 95% CI, 2.99-8.24), 216% (OR = 3.16; 95% CI, 2.04-4.48), and 59% (1.59; 1.06-2.48), respectively. The independent association of irisin with poor outcome was confirmed using the likelihood ratio test (P = 0.002). In a multivariate model using Q1 of irisin vs. Q2-Q4 together with the clinical variables, the marker displayed prognostic information and increased the odds ratio by 185% (OR for Q1, 2.85 [95% CI, 1.79-4.02]). (Table 4 ). This improvement was stable in an internal fivefold cross-validation that resulted in an average AUC of 0.80 (0.027) for the established risk factors and 0.83 (0.024) for the combined model, corresponding to a difference of 0.03 (0.012). Improvement in the fitted values of the predictive probabilities for fivefold cross-validated Brier's score was 0.066 (0.007) for the established risk factors with irisin as compared with 0.070 (0.010) for the established risk factors only. This corresponds to an average decrease of 0.004 (0.004). The NRI statistic showed that the addition of irisin to established risk factors significantly increased the correct reclassification of mortality (P < 0.001). In addition, the IDI statistic found that irisin level significantly increased the discrimination between survivors and non-survivors (P = 0.011) ( Table 4) .
Discussion
To the best of our knowledge, this multicenter study is the first report to investigate the prognostic potential of irisin in a substantial cohort of stroke patients. Data confirms evidence linking lower circulating irisin concentrations with signs of poor functional outcome in stroke and adds significant additional predictive information to the clinical score of the NIHSS.
A previous observation suggested that high circulating irisin levels were associated with an increased 10-year risk of cardiovascular diseases [19] . However, another study reported that low serum irisin level was an independent predictor of coronary artery severity in patients with stable coronary artery disease [20] . Conversely, Shen et al. [21] identified high serum irisin as a predictive biomarker for 1-year all-cause mortality in acute heart failure patients. In our study, the results showed that the reduced serum concentration of irisin was a useful prognostic marker of functional outcome and mortality in Chinese patients with stroke independent of established conventional risk factors. Differences in study design, methodologies used to assess irisin, and included patients make comparison between the present study and previous studies difficult. It should be noted that previous studies [13, [19] [20] [21] were often with small samples (less than 200) and at single sites, while the present study was a multicenter study with a large sample size (N = 1530). In addition, since the discovery of irisin, its levels have been associated with hip fractures [22] , sarcopenia [23] , insulin resistance [24] , chronic obstructive pulmonary disease [25] , chronic kidney disease (CKD) [26] , and CKD stage [27] . Furthermore, irisin-encoding gene (FNDC5) variant can change blood pressure in men with type 2 diabetes [28] , while irisin improves endothelial function in type 2 diabetes [29] and in a mouse model of obesity [30] . In addition, irisin protects against endothelial injury and ameliorates atherosclerosis in Apo-E knockout mice [31] .
The underlying mechanisms linking irisin with stroke outcome are not clearly illustrated in previous studies. First, a possible explanation is the interplay with other myokines, adipocytokines, or classical cytokines [32] . In this study, we also found that irisin was inversely correlated with HCY, Hs-CRP, and IL-6. However, irisin remained significantly associated with poor outcome even after adjustment for HCY, Hs-CRP, or IL-6, suggesting that the effect of irisin on outcome was independent of inflammation or HCY. Second, previous studies suggest that irisin has an essential role in glucose utilization and lipid metabolism [33, 34] . A study indicates that FNDC5/irisin ameliorates glucose/lipid metabolic abnormalities and insulin resistance in obese mice and enhances lipolysis via cAMP-PKA-HSL/perilipin pathway [35] . In fact, previous studies showed that admission glucose level (AGL) [36] is associated with poor clinical outcome in stroke, and elevated triglyceride/HDL-C ratio is related to risk of recurrent stroke [37] . Third, decreased circulating plasma levels of irisin seem to be associated with flow-mediated dilation (FMD) levels in patients with type 2 diabetes [38] . Impaired FMD in patients with acute ischemic stroke is associated with poor outcome [39] . Fourth, lower levels of irisin are independently Fig. 3 The incidence of a poor functional outcome and b mortality according to baseline irisin quartiles. Serum levels of irisin in quartile 1 (< 67.1 ng/ ml), quartile 2 (67.1-87.8 ng/ml), quartile 3 (87.9-136.4 ng/ml), and quartile 4 (> 136.4 ng/ml) OR odds ratio, CI confidence interval ǂ Serum levels of irisin in quartile 1 (< 67.1 ng/ml), quartile 2 (67.1-87.8 ng/ml), quartile 3 (87.9-136.4 ng/ml), and quartile 4 (> 136.4 ng/ml) ξ P value for the trend is < 0.001 *Adjusted for age, sex, BMI, stroke etiology, the NIHSS score, infarct volume, pre-stroke and acute treatment, vascular risk factors, HOMA-IR, blood levels of glucose, Hs-CRP, HCY, IL-6, TG, TC, HDL, and LDL associated with endothelial dysfunction [40] . Irisin alleviates endothelial dysfunction in type 2 diabetes partially via reducing oxidative/nitrative stresses through inhibiting signaling pathways implicating PKC-β/NADPH oxidase and NF-κB/ iNOS [29] . Targonski et al. [41] reported that the presence of endothelial dysfunction was independently associated with an increased risk of cerebrovascular events. Lastly, irisin reduces ischemia-induced neuronal injury via activation of the Akt and ERK1/2 signaling pathways and contributes to the neuroprotective effect of physical exercise against cerebral ischemia [42] . Additional observations suggest that irisin produces protective effects against hypoxia/reoxygenation injury, which is dependent upon HDAC4 [43] . Hence, further studies should explore the molecular mechanism to elucidate direct irisin effects. Furthermore, future studies regarding the interaction between irisin and other myokines/adipocytokines might be helpful to allow a better understanding of irisin.
Strengths and Limitations
Our study is the first analysis of serial serum measurements of irisin in Han Chinese patients with stroke in a multicenter setting. Second, we collected data on a wide range of potentially confounding risk factors, allowing us to estimate the independent effect of irisin. Third, serum levels of irisin were tested by ELISA. This method is cost-efficient (less than 10 dollars per test) and is non-invasive. Lastly, we chose a different strategy using the fourth quartile, because we have found this strategy to be more sensitive to other factors that might influence the relatively low concentrations.
The following limitations of our study must be taken into account. First, data on potential confounding factors, including dietary intake, and outdoor physical activity, were not obtained. Second, there is an evidence that irisin may favorably influence stroke outcome through multiple pathways, including insulin resistance, diabetes, hypertension, and chronic inflammation. The inclusion of those factors in the models could possibly lead to over-adjustment, which tends to attenuate the associations. Third, irisin is usually measured by ELISA, but the quantification varies greatly among kits. These differences likely stem from the various irisin epitopes being targeted for measurement by the manufacturing companies. Fourth, the observational nature of the study precludes us to draw any conclusion on the role of irisin in the development of poor outcome and, therefore, no conclusion regarding Fig. 4 Receiver operating characteristic (ROC) curves were utilized to evaluate the accuracy of serum irisin levels to predict a poor functional outcome and b mortality. Poor functional outcome was defined as a modified Rankin Scale (mRS) of 3-6 cause-effect relationships can be made. In addition, this study is an association study between irisin and stroke outcome. It is currently unknown whether irisin tested at admission can influence risk-optimized therapeutic strategies. Additional randomized controlled trials are, therefore, urgently needed to evaluate whether the addition of irisin concentration to prediction modeling increases the accuracy enough to make its addition useful in a clinical setting. Finally, all participants of the present study were Han Chinese, and whether these observations can also be extended to other ethnic groups remains to be determined. In addition, the estimated amount of improvement gained by adding irisin to the multivariate model was small. The impact on practice needs further confirmation by large-scale multicenter studies.
In conclusion, irisin is a novel, independent prognostic marker improving currently used risk stratification of stroke patients. Further studies are needed to confirm this association, which may pave the way to new therapeutic options.
